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The effect of interface anisotropy 
on demagnetization progress in 
perpendicularly oriented hard/soft 
exchange-coupled multilayers
Qian Zhao1, Jun Chen1, Jiaqi Wang1, Xuefeng Zhang1, Guoping Zhao1,2 & Qiang Ma1

The demagnetization progress of various hard/soft multilayers with perpendicular crystalline 
anisotropy has been studied by a micromagnetic model, incorporating the effect of the interface 
anisotropy, which is evident on the nucleation field when the soft layer thickness is small. Both 
microscopic and macroscopic hysteresis loops as well as angular distributions for the magnetizations 
in the thickness direction have been calculated, taking into account of realistic values of the interface 
anisotropy. The formula for the nucleation field has been derived analytically, where the nucleation 
field increases linearly with the interface anisotropy for a wide thickness region. While the nucleation 
field could change by more than 90% due to the influence of the interface anisotropy, the interface 
anisotropy has no effect on the pinning field or the coercivity, but it has some slight influence on the 
angular distributions. On the other hand, positive interface anisotropy enhances the remanence and the 
energy products, whereas negative interface anisotropy deteriorates both of them. Comparison with 
the experimental data justifies our calculation, indicating that negative interface anisotropy should be 
avoided in the experiment.

Exchange coupled hard/soft magnetic systems, proposed formerly in 1991 by Kneller and Hawig1, have aroused 
a lot of attentions due to their specific properties and potential applications in permanent magnets2–7, magnetic 
recordings8–13 and other fields14. Exchange coupled magnetic systems, also called exchange-spring magnets, have 
a much larger energy product in theory1, 15, 16 than those of the conventional permanent magnets because the soft 
layer can provide large remanence while keeping the high coercivity of the hard phase. Among them, the hard/
soft multilayers with hard and soft layers arranged alternatively in nanoscale have been a hot topic mainly due to 
their simplicity in modelling as well as the controllability in thickness-adjusted magnetic properties.

For hard/soft multilayers, there are many experimental17–21 and theoretical22–27 studies. In most calculations, 
however, only the volume crystalline anisotropy in every layer is taken into account, which is independent of the 
film thickness t28–33, whereas experimental results indicate that the anisotropy in some magnetic films changes 
linearly along with 1/t34. The crystalline anisotropy plays an important role in the magnetic reversal process35–38, 
which may be divided into two parts. One part is the volume crystalline anisotropy constant Kv, and the other 
part is the surface crystalline anisotropy constant Ks. The latter contribution to the anisotropy of the magnetic 
film can be expressed as 2Ks/t. Surface anisotropy Ks includes the magnetocrystalline surface anisotropy caused 
by the lack of the nearest neighbor atom at the surface of the film35, and the magnetoelastic surface anisotropy 
induced by lattice mismatch37. For hard/soft multilayers, the crystalline anisotropy constant at the interface has 
to be considered also, which is the sum of the two related surface anisotropy constants36, 37. Experimental results 
show that the surface and interface anisotropy constants of the transition metals vary with the material, the lattice 
orientation and the interface character, which may be positive, negative and zero37, 38.

Recently, Pellicelli et al.26 have studied the effects of the positive crystalline anisotropies at the surfaces and 
the interface on the demagnetization progress in an exchange-coupled bilayer system through a continuous 
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micromagnetic model. Their results indicate that the soft surface anisotropy has an evident effect on the nuclea-
tion field, whilst the hard surface anisotropy has appreciable influence on the coercivity when the corresponding 
layer thickness is small. The impact of the interface anisotropy, on the other hand, is in between.

For a hard/soft multilayer, the interface anisotropy is more important than the surface anisotropy because 
there are multi interfaces against only two surfaces. In this paper, the influence of both positive and negative 
interface anisotropies on the demagnetization process of a hard/soft multilayer system with a perpendicularly 
oriented anisotropy shown in Fig. 1 is studied. The nucleation field is found to be linearly related to the interface 
anisotropy, where the formula for the nucleation field is derived analytically. Both macroscopic and microscopic 
hysteresis loops have been calculated numerically, with angular distributions for the magnetizations and energy 
products given. Comparison of our results with experimental data indicates that the interface anisotropy should 
be taken into account in calculating nucleation fields and hysteresis loops.

Methods
Our calculation is based on a multilayer system, where hard/soft magnetic layers are arranged alternatively. Due 
to the symmetry of the system, the calculation can be performed only for a double-layer system shown Fig. 1, 
assuming that the interface anisotropy constant varies from −1 erg/cm2 to 1 erg/cm2 37, 38. The z-axis and the easy 
axes of both phases are supposed to be perpendicular to the film plane, with the magnetic field applied parallel to 
the z-axis. For simplicity the film is assumed to be infinitely large in the x-y plane, indicating that the problem has 
a one-dimensional character23–26, 28–33.

According to Brown39, the total magnetic energy per unit area can be expressed as:
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the magnetic layers respectively.

The variation of the total energy density leads to two Euler-Lagrange equations,
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The specific angles at the surfaces and interface are defined as:

Figure 1. The basic scheme for a hard/soft multilayer calculated in this paper. Due to the symmetry, only a 
simplification of the symmetrical multilayer from −ts/2 to th/2 is illustrated in the figure.
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Solving Eqs (2) and (3), we obtain the angular distribution in the hard and soft phases as two elliptical integrals:
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On the other hand, the interface constraint Eq. (4) could be rewritten as:
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Eqs (7)–(9) form the basis of our calculation. In this paper, we calculate the magnetic properties for various mul-
tilayers, with the intrinsic parameters given in Table 1.

Results
Nucleation fields. The formula for the nucleation field in this work can be obtained in a similar way to that 
for a hard/soft multilayer ignoring the interface anisotropy, as has been done in refs 23–25, 28–33. In short, line-
arization of the Eqs (7) and (8), coupled by the interface constraint Eq. (9), yields the following implicit equation 
for the nucleation field:
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where HN = −H, denoting the nucleation field for a hard/soft multilayer. The above formula is consistent with that 
derived by Zhao et al.30, 31 and Pellicelli et al.26 for the nucleation field at the case Kint = 0. On the other hand, when 

both the soft and hard layers are thin enough, 
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. This formula indicates that the whole system responds to the applied field coherently, 
where the nucleation field is given by the mean anisotropy divided by the mean spontaneous magnetizations of 
the system, with the thickness of the layer taken into account as the weight.

Figure 2 shows the calculated nucleation field HN of Nd2Fe14B/α-Fe multilayers as a function of the interface 
anisotropy constant Kint based on Eq. (10) for various values of layer thickness. The parameters for the calculation 
are shown in Table 131. Nd2Fe14B is selected as the hard phase because it is the best permanent magnet so far with 
the largest reported energy product due to its high values for both the crystalline anisotropy and the spontaneous 
magnetization. On the other hand, Fe is the most abundant metal in the world, which has higher spontaneous 
magnetization and can be exchange-coupled with Nd2Fe14B easily. In addition, thin-film Fe can have either the 
positive, negative or zero surface anisotropy.

One can see from Fig. 2 that all calculated nucleation fields increase linearly with Kint no matter what the layer 
thicknes is. Such a linear increase of the nucleation field is important, which will be addressed later in more detail. 
In particular, the effect of the interface anisotropy on the nucleation field is significant. For example, at th = 10 nm 
and ts = 4 nm, calculated nucleation fields are 3.89 kOe, 0.13 kOe, and 7.50 kOe for Kint = 0 erg/cm2, Kint = −1 erg/
cm2 and 1 erg/cm2 respectively, where HN changes by more than 90%.

Materials A (erg/cm) K (erg/cm3) Ms (emu/cm3) Δ (nm)

α-Fe 2.50 × 10−6 4.60 × 105 1.71 × 103 73.20

Fe65Co35 1.67 × 10−6 1.00 × 102 1.93 × 103 4.06 × 103

Nd2Fe14B 7.70 × 10−7 4.30 × 107 1.28 × 103 4.20

FePt 1.25 × 10−6 2.50 × 107 5.00 × 102 7.02

SmCo5 1.20 × 10−6 5.00 × 107 5.50 × 102 4.87

Table 1. Intrinsic magnetic properties for various magnetic materials. A, K, Ms and Δ denote the exchange 
constant, the volume anisotropy constant, the spontaneous magnetization and the Bloch wall width respectively.
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At a certain interface anisotropy constant Kint, HN falls monotonically when the soft layer thickness ts goes up, 
as shown in Fig. 2(a). On the other hand, the nucleation field increases with th as shown in Fig. 2(b). However, 
the calculated HN doesn’t change when th > 10 nm. The effect of the thickness on the nucleation field HN for a 
hard/soft multilayer is closely related to the Bloch wall width Δ28, 29. When th is large enough so that the value of 
the hyperbolic tangent function on the right side of the nucleation field Eq. (10) is equal to1, the nucleation field  
Eq. (10) can be simplified as:
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that the nucleation field HN is independent on the thickness th when the hard layer is thick enough in comparison 
with the corresponding domain wall width.

To understand more clearly the linear relation between the nucleation field and the interface anisotropy, we 
denote HN = HN0 + ΔHN, where HN0 is the nucleation field based on Eq. (11) for Kint = 0 erg/cm2. ΔHN stands for 
the influence of the interface anisotropy on the nucleation field, which can be obtained by series expansion and 
simplification of Eq. (11):
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0 . Figure 3 compares the Kint-dependent nucleation fields for two values of 

the soft layer thickness based on Eqs (10) and (12). In both cases, the maximum differences between the nuclea-
tion fields calculated by the two formulas are less than 1.3%, indicating that the linear formula given by Eq. (12) 
is a very good approximation for Eq. (10).

Remarkably, such a linear approximation is valid for other hard/soft multilayers in a wide thickness range. As 
shown in the supplementary information, for all six combinations of hard/soft materials with various soft layer 
thickness, the calculated lines based on Eq. (12) are in excellent agreement with those by Eq. (10). Therefore, the 
nucleation fields for hard/soft multilayers can be reliably calculated by:

= + ⁎H H s KN N
int

0 , where s is independent on the interface anisotropy. The nucleation fields at Kint = 0 erg/
cm2 and the slope s for various hard/soft multilayers have been shown in Table 2 for reference. One can see that s 
increases as the soft layer thickness decreases, indicating that the effect of the interface anisotropy is more evident 
when the soft layer thickness is small.

Figure 2. Calculated nucleation field as a function of the interface anisotropy constant Kint based on Eq. (10) 
for Nd2Fe14B/α-Fe multilayers. (a) Nucleation fields for various soft layer thickness at th = 10 nm. (b) Nucleation 
fields for various hard layer thickness at ts = 6 nm.
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Microscopic hysteresis loops and angular distributions. Nucleation is the beginning of the magnetic 
reversal, while the subsequent reversal process can be found from the microscopic hysteresis loops and angular 
distributions after nucleation. Figure 4 shows the evolution of three key angles, i.e., θh, θ0 and θs in a d2Fe14B 
(10 nm)/α-Fe (6 nm) multilayer with the applied fields for various interface anisotropies. All three angles devi-
ate from 0° (the saturation magnetic state) at the different applied fields, which are H = 6.6 kOe, 4.2 kOe, and 
2.0 kOe, for Kint = −1 erg/cm2, 0 erg/cm2, and 1 erg/cm2 respectively, consistent with the calculated nucleation 
fields shown in Fig. 2. However, θs and θ0 are much larger than θh, indicating that the magnetic moment in the soft 
layer responds to the applied field fast, which draws the moments at the interface and in the hard layer to follow 
the response through the exchange interaction.

As the applied field decreases, θh, θ0 and θs increase gradually. Meanwhile, the interface anisotropy has a minor 
influence on the angles. As can be seen from Fig. 4, the angles for Kint = −1 erg/cm2 are slightly larger than the 
corresponding ones for Kint = 0, while those for Kint = 1 erg/cm2 are slightly smaller. This minor influence disap-
pears at H = −14.6 kOe, where the angles are independent of the interface anisotropy (the corresponding applied 
field is defined as the pinning field HP). Further decrease of the applied field will lead to the abrupt change of all 
three angles to 180°, the negative saturation state of the system.

In order to visually illustrate the change of the magnetic domain in the demagnetization process, we have 
calculated the angular distribution θ(z) of the magnetic moments in a Nd2Fe14B (10 nm)/α-Fe (6 nm) multilayer 
for various interface anisotropies at three applied fields. Due to the symmetry, only the magnetization distribu-
tions within the halves of soft and hard layers have been demonstrated (cf. Fig. 1). As can be seen from Fig. 5(a), 
a small deviation from the saturation state, θ ≡ 0°, occurs at the nucleation. For Kint = 0, θs and θ0 are 14.3°, 10.4° 

Figure 3. Comparison of the nucleation fields based on Eqs (10) and (12) for Nd2Fe14B/α-Fe multilayers, 
demonstrating excellent agreement between the two formulas. The hard layer thickness is set as 12 nm in 
calculating the nucleation fields from Eq. (10).

Hard/soft (ts) multilayers 4 nm 6 nm 8 nm 10 nm 12 nm

Nd2Fe14B/α-Fe
HN0 (kOe) 3.960 −4.216 −8.766 −11.608 −13.526

s (kOe · cm2/erg) 3.694 2.330 1.580 1.128 0.837

Nd2Fe14B/Fe65Co35
HN0 (kOe) −2.402 −10.229 −14.105 −16.928 −18.580

s (kOe · cm2/erg) 2.994 1.730 1.094 0.737 0.520

SmCo5/α-Fe
HN0 (kOe) 14.489 1.438 −5.260 −9.247 −11.845

s (kOe · cm2/erg) 3.696 2.117 1.349 0.920 0.658

SmCo5/Fe65Co35
HN0 (kOe) 5.163 −6.462 −12.210 −15.524 −17.624

s (kOe · cm2/erg) 2.781 1.461 0.869 0.560 0.382

FePt/α-Fe
HN0 (kOe) 5.853 −3.466 −8.400 −11.406 −13.403

s (kOe · cm2/erg) 3.936 2.390 1.595 1.129 0.834

FePt/Fe65Co35
HN0 (kOe) −1.314 −9.873 −14.257 −16.861 −18.547

s (kOe · cm2/erg) 3.113 1.751 1.066 0.736 0.519

Table 2. The nucleation field at Kint = 0 erg/cm2 (HN0) and the slope (s) based on Eq. (12) for various hard/soft 
multilayers.



www.nature.com/scientificreports/

6Scientific RepoRts | 7: 4286  | DOI:10.1038/s41598-017-03169-y

respectively, which are much larger than θh(=0.7°), indicating that the magnetizations of the soft layer respond to 
the applied field fast, which then drag the magnetizations in the hard layer to follow the change of the applied field 
through the exchange interaction. Therefore, a 13.6° domain wall is formed between the hard and soft layers. It 
should be noted that the angular change at the interface is not smooth because the first derivative of the angle θ is 
not continuous, as can be seen from Eq. (4). The interface anisotropy has some slight effect on the angles. A neg-
ative interface anisotropy adds a minus to the total anisotropy, leading to a faster response of the magnetizations 
to the applied field, which pushes the angles up a little bit. On the other hand, the angles shrink under a positive 
interface anisotropy, which hinders the response of the magnetizations to the applied field. As a result, the proto-
type domain walls forming at the nucleation are 12.5° and 14.6° for Kint = 1 erg/cm2 and −1 erg/cm2 respectively.

When the applied field decreases, such prototype domain walls grow fast. As can be seen from Fig. 5(b), all 
three domain walls become mature at H = −9.0 kOe, which are 72.4°, 70.5° and 66.1° for Kint = −1 erg/cm2, 0 erg/
cm2 and 1 erg/cm2 respectively. At the pinning state, the three domain walls degenerate to a single one, where θh, 
θ0 and θs are 16.2°, 90.0° and 100.2° respectively. Further decrease of the applied field will lead to another coherent 
state of the system, θ ≡ 180°.

Macroscopic hysteresis loops and energy products. While the above microscopic loops and angular 
distributions reveal the switching mechanism well, the macroscopic hysteresis loops demonstrate explicitly the 
magnetic properties of the hard/soft multilayers. Figure 6 shows the calculated macroscopic hysteresis loops of 
the Nd2Fe14B (10 nm)/α-Fe (ts) multilayers for various interface anisotropies. As shown in Fig. 6(a) for ts = 6 nm, 
nucleation occurs in the first quadrant, where the nucleation fields equal −2.0 kOe, −4.2 kOe and −6.6 kOe for 
Kint = 1 erg/cm2, 0 erg/cm2, and −1 erg/cm2 respectively. The corresponding remanences are 1.36 × 103 emu/
cm3, 1.27 × 103 emu/cm3 and 1.20 × 103 emu/cm3 respectively. The greater the interface anisotropy, the larger the 
nucleation field is and hence the higher the remanence. On the other hand, the interface anisotropy has no effect 
on the coercivity, which equals to 14.6 kOe, the pinning field of the system.

In comparison, the influence of the soft layer thickness on the hysteresis loops is more visible. As can be seen 
from Fig. 6(b), the nucleation occurs in the second quadrant at a smaller soft layer thickness (ts = 4 nm) for all 
three interface anisotropy constants. Here the loops exhibit better squareness in comparison with Fig. 6(a), thanks 
to the larger remanence (1.40 × 103 emu/cm3) due to the positive nucleation fields. Theoretically a decrease of the 
soft layer thickness can either have a positive or a negative effect on the remanence. The former is due to the larger 
nucleation field whilst the latter is because of the smaller saturation magnetization caused. Therefore, an optimum 
soft layer thickness can be found for hard/soft bilayers, as has been done in ref. 23. Further, the coercivity and the 
pinning field (HC = HP = 17.1 kOe) equal for three anisotropy interface constants, which are obviously larger than 
those in Fig. 6(a).

From the macroscopic hysteresis loops, magnetic energy products (BH) of Nd2Fe14B (10 nm)/α-Fe (ts) mul-
tilayers for various interface anisotropies can be calculated, which are shown in Fig. 7. As shown in Fig. 7(a), the 
maximum energy products (BH)max of the multilayers with ts = 6 nm are 40.0 MGOe, 43.4 MGOe, and 49.0 MGOe 

Figure 4. Evolution of θh (a), θ0 (b) and θs (c) of a Nd2Fe14B (10 nm)/α-Fe (6 nm) multilayer for various 
interface anisotropy as the applied field changes from nucleation to pinning. The arrows in Fig. 4(a) represent 
the direction of demagnetization progress.
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for Kint = −1 erg/cm2, 0 erg/cm2, and 1 erg/cm2, respectively. The increase of the (BH)max with the interface aniso-
tropy is due mainly to the larger remanence Mr, caused by the larger nucleation field.

Figure 5. Calculated angular distributions θ(z) of the magnetizations in the thickness directions of a Nd2Fe14B 
(10 nm)/α-Fe (6 nm) multilayer for various interface anisotropy and applied fields. (a) Angular distributions at 
the nucleation, where the nucleation fields differ for different anisotropy constants. (b) angular distributions at 
H = −9.0 kOe and H = −14.6 kOe (the pinning). It should be noted that the three curves for various values of 
interface anisotropy degenerate to one single curve at the pinning.

Figure 6. Calculated hysteresis loops of Nd2Fe14B (10 nm)/α-Fe (ts) multilayers for various interface anisotropy. 
(a) Loops for soft layer thickness ts = 6 nm. (b) Loops for ts = 4 nm.
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Shown in Fig. 7(b) is the calculated energy products of the multilayers for ts = 4 nm, where (BH)max are 
55.3 MGOe, 63.6 MGOe and 72.5 MGOe for Kint = −1 erg/cm2, 0 erg/cm2, and 1 erg/cm2, respectively. These 
(BH)max are considerably larger than those in Fig. 7(a). The maximum energy product (BH)max decreases by 13% 
for Kint = −1 erg/cm2 and increases by 14% when Kint = 1 erg/cm2 relative to that of Kint = 0 erg/cm2. The effect of 
the interface anisotropy on the maximum magnetic energy product (BH)max is obvious.

Discussions
Positive interface anisotropy enhances the nucleation field, remanence and the energy products as shown above, 
whilst negative anisotropy deteriorates all these magnetic properties. Therefore, it is important to have positive 
interface anisotropy in experiments. Experimental results suggest that negative interface anisotropy might occur 
when the interface of α-Fe is the 110 plane. Besides the lattice orientation, the nature of the interface and the tem-
perature have also important influences on the interface anisotropy. More details can be found in refs 37, 41–43.

Figure 8 compares experimental23 and calculated hysteresis loops of FePt (10 nm)/α-Fe (ts) bilayers. One can 
see from Fig. 8(a) that the experimental hysteresis loop near the remanence for ts = 2 nm agrees well with that 
calculated for Kint = 1 erg/cm2, exhibiting good squareness and high remanence. In particular, the nucleation field 
and reduced remanence measured in the experiment are −2.01 kOe and 0.98 respectively23. Both of them are very 
close to our calculated values for Kint = 1 erg/cm2, which are −2.0 kOe and 0.99 respectively.

In contrast, the experimental loop near the remanence shown in Fig. 8(b) for ts = 2.7 nm matches well with 
that calculated for Kint = −1 erg/cm2, which is more slant and exhibits lower remanence in comparison with 
the corresponding loop in Fig. 8(a). Here, Mr/MS = 0.89, 0.85 and 0.80 for Kint = 1 erg/cm2, 0 and −1 erg/cm2 
respectively according to our calculation, whilst the reduced remanence measured in the experiment is 0.7923. 
Therefore, negative interface anisotropy should be avoided in the experiment, which leads to lower nucleation 
fields and remanence.

The values of the experimental coercivity in both cases, however, are much smaller than the calculated ones, 
due to the famous Brown’s coercivity paradox39, 40, where the measured coercivity is found to be systematically 
smaller than the theoretical one for all magnetic materials. This paradox is more outstanding for a single-phased 
permanent magnet. As have been shown in ref. 23, the experimental coercivity for a single FePt film is only 
slightly larger than those for hard-soft bilayers. In contrast, the theoretical coercivity for a single FePt equals the 
effective anisotropy of the FePt film, i.e, the sum of the crystalline anisotropy and the shape anisotropy, which is 
93.6 kOe. Such a huge difference between the theoretical and experimental values of is due possibly to the various 
crystalline defects within the film.

Conclusions
In conclusion, the demagnetization process for a hard/soft multilayer with a perpendicularly oriented anisotropy 
is analyzed by a one-dimensional micromagnetic model, where both positive and negative interface anisotropies 
have been taken account into the calculation. It is found that the nucleation field and the remanence are sensitive 
to Kint, especially for smaller soft layer thickness. On the other hand, the interface anisotropy doesn’t affect the 
angular distributions much, which has no effect on the coercivity. Our calculated macroscopic hysteresis loop 
and energy product show that a positive Kint increases the remanence or nucleation field and hence enhances the 
energy product, and that a negative Kint deteriorate both of them. Comparison with experimental data indicates 

Figure 7. Calculated magnetic energy products (BH) of Nd2Fe14B (10 nm)/α-Fe (ts) multilayers for various 
interface anisotropy. (a) Energy products for soft layer thickness ts = 6 nm. (b) energy products for ts = 4 nm.
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that the interface anisotropy can be either positive or negative, where a positive Kint is preferred for a high rema-
nence and a large energy product.

Further, the formula for the nucleation field is derived analytically, which is found to be linearly related 
to the interface anisotropy for all calculated values of layer thickness. Therefore, a simplified linear formula 
for the nucleation field is educed, which is reliable for all combinations of the hard/soft layers calculated. The 
influence of the interface anisotropy is more significant for smaller soft layer thickness, where the interface 
anisotropy can change the nucleation field by more than 90% in comparison with that for Kint = 0. In addition, 
the microscopic hysteresis loops for θh, θ0 and θs as well as the angular distributions in the thickness direction 
are calculated numerically, which shows that the effect of the interface anisotropy on the angles is not signifi-
cant. In particular, the angular distributions are the same for different values of the interface anisotropy at the 
pinning field.

In summary, neither the coercivity nor the angular distributions of exchange-coupled magnets are sensitive to 
the interface anisotropy. However, the nucleation field and the energy product are quite sensitive to the interface 
anisotropy, especially for small soft layer thickness. The positive interface anisotropy enhances the nucleation 
field, the remanence and the energy product, whereas the negative anisotropy deteriorates all these properties. 
Therefore, it is important to have the positive interface anisotropy in experiments, where small layer thickness is 
preferred for a giant energy product to be realized in exchange-coupled multilayers.

References
 1. Kneller, E. F. & Hawig, R. The exchange-spring magnet: a new material principle for permanent magnets. IEEE Trans. Magn. 27, 

3588–3560 (1991).
 2. Su, Y. F. et al. Effects of magnetic field heat treatment on Sm-Co/alpha-Fe nanocomposite permanent magnetic materials prepared 

by high energy ballmilling. J. Alloys Compd. 647, 375–379 (2015).
 3. Zhang, Y., Kramer, M. J., Rong, C. B. & Liu, J. P. Microstructure and intergranular diffusion in exchange-coupled Sm-Co/Fe 

nanocomposites. Appl. Phys. Lett. 97, 032506 (2010).
 4. Fan, J. P. et al. Magnetic properties and magnetic reversal process of exchange-coupled Nd2Fe14B/α″-Fe16N2 bilayers. J. Appl. Phys. 

119, 233902 (2016).
 5. Gilbert, D. A. et al. Magnetic Yoking and Tunable Interactions in FePt-Based Hard/Soft Bilayers. Sci. Rep. 6, 32842 (2016).
 6. Suber, L. et al. Tuning hard and soft magnetic fept nanocomposites. J. Alloys Compd. 663, 601–609 (2015).
 7. Li, Z. B., Zhang, M., Shen, B. G. & Sun, J. R. Non-uniform magnetization reversal in nanocomposite magnets. Appl. Phys. Lett. 102, 

102405 (2013).
 8. Suess, D. et al. Exchange spring media for perpendicular recording. Appl. Phys. Lett. 87, 012504 (2005).
 9. Wang, J. P. et al. Composite media (dynamic tilted media) for magnetic recording. Appl. Phys. Lett. 86, 142504 (2005).
 10. Victora, R. H. & Shen, X. Composite media for perpendicular magnetic recording. IEEE Trans. Magn. 41, 537–542 (2005).
 11. Suess, D. Multilayer exchange spring media for magnetic recording. Appl. Phys. Lett. 89, 113105 (2006).
 12. Goncharov, A. et al. Recording simulations on graded media for area densities of up to 1 Tbit/in2. Appl. Phys. Lett. 91, 222502 (2007).

Figure 8. Comparison of calculated and experimental hysteresis loops of FePt (10 nm)/α-Fe (ts) multilayers. (a) 
Loops for soft layer thickness ts = 2 nm, where the experimental hysteresis loop agrees well with that calculated 
for Kint = 1 erg/cm2. (b) Loops for ts = 2.7 nm, where the experimental loop agrees well with that calculated for 
Kint = −1 erg/cm2.



www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 4286  | DOI:10.1038/s41598-017-03169-y

 13. Victora, R. H., Fellow, IEEE & Shen, X. Exchange Coupled Composite Media for Perpendicular Magnetic Recording. IEEE Trans. 
Magn. 41, 2828–2833 (2005).

 14. Schrefl, T. Finite elements in numerical micromagnetics Part II: patterned magnetic elements. J. Magn. Magn. Mater. 207, 66–77 (1999).
 15. Skomski, R. & Coey, J. M. D. Giant energy product in nanostructured two-phase magnets. Phys. Rev. B. 48, 15812–15816 (1993).
 16. Skomski, R. Aligned two-phase magnets: Permanent magnetism of the future? (invited). J. Appl. Phys. 76, 7059–7064 (1994).
 17. Shindo, M., Ishizone, M., Sakuma, A., Kato, H. & Miyazaki, T. Magnetic properties of exchange-coupled α-Fe/Nd–Fe–B multilayer 

thin-film magnets. J. Appl. Phys. 81, 4444 (1997).
 18. Liu, W. et al. Exchange Coupling and Remanence Enhancement in Nanocomposite Multialyer Magnets. Adv. Mater. 14, 1832–1834 

(2002).
 19. Liu, W. et al. Enhanced coercivity in thermally processed (Nd, Dy) (Fe, Co, Nb, B) 5.5 /α– Fe nanoscale multilayer magnets. J. Appl. 

Phys. 97, 104308 (2005).
 20. Cui, W. B., Takahashi, Y. K., & Hono, K. Nd2Fe14B/FeCo Anisotropic Nanocomposite Films with a Large Maximum Energy 

Product. Adv. Mater. 24,  6530–6535 (2012).
 21. Wang, J. S. et al. Structural and magnetic properties of L10-FePt/Fe exchange coupled nano-composite thin films with high energy 

product. J. Magn. Magn. Mater. 345, 165–170 (2013).
 22. Leineweber, T. & Kronmüller, H. Micromagnetic examination of exchange coupled ferromagnetic nanolayers. J. Magn. Magn. 

Mater. 176, 145–154 (1997).
 23. Asti, G. et al. Magnetic phase diagram and demagnetization processes in perpendicular exchange-spring multilayers. Phys. Rev. 

B. 73, 094406 (2006).
 24. Asti, G., Solzi, M., Ghidini, M. & Neri, F. M. Micromagnetic analysis of exchange-coupled hard-soft planar nanocomposiets. Phys. 

Rev. B. 69, 174401 (2004).
 25. Ghidini, M., Asti, G., Pelicelli, R., Pernechele, C. & Solzi, M. Hard-soft composite magnets. J. Magn. Magn. Mater. 316, 159–165 

(2007).
 26. Pellicelli, R., Solzi, M. & Pernechele, C. Inclusion of surface anisotropy in the micromagnetic analysis of exchange-coupled hard/soft 

bilayers. J. Phys. D: Appl. Phys. 47, 115002 (2014).
 27. Li, Y. Q. et al. Investigation of Magnetic Properties of MnBi/alpha-Fe Nanocomposite Permanent Magnets by Micro-Magnetic 

Simulation. IEEE Trans. Magn. 49, 3391–3393 (2013).
 28. Zhao, G. P., & Wang, X. L. Nucleation, pinning, and coercivity in magnetic nanosystems: An analytical micromagnetic approach. 

Phys. Rev. B. 74, 012409 (2006).
 29. Zhao, G. P., Zhao, M. G., Lim, H. S., Feng, Y. P. & Ong, C. K. From nucleation to coercivity. Appl. Phys. Lett. 87, 162513 (2005).
 30. Zhao, G. P., Bo, N., Zhang, H. W., Feng, Y. P. & Deng, Y. Demagnetization process and hysteresis loops in perpendicularly oriented 

hard/soft trilayers. J. Appl. Phys. 107, 083907 (2010).
 31. Si, W. J. et al. Deterioration of the coercivity due to the diffusion induced interface layer in hard/soft multilayers. Sci. Rep. 5, 16212 

(2015).
 32. Xia, J., Zhao, G. P., Zhang, H. W., Cheng, Z. H. & Feng, Y. P. Significant deterioration of energy products in exchange–coupled 

composite magnets. J. Appl. Phys. 112, 013918 (2012). 
 33. Zhao, G. P., Chen, L., Huang, C.W., Guo, N. L. & Feng, Y. P. Micromagnetic calculation of hysteresis loops in exchange-coupled 

nanolayers. Solid State Commun. 150, 1486–1488 (2010).
 34. Gradmann, U. & Müller, J. Flat Ferromagnetic, Epitaxial 48Ni/52Fe(111) Films of Few Atomic Layers. Phys. Stat. Solidi. 27, 313 

(1968).
 35. Néel, L. Anisotropie magnétique superficielle et surstructures d’orientation. J. Phys. Radium. 15, 225–239 (1954).
 36. Chappert, C. & Bruno, P. Magnetic anisotropy in metallic ultrathin films and related experiments on cobalt films(invited). J. Appl. 

Phys. 64, 5736 (1988).
 37. Bruno, P. & Renard, J.-P. Magnetic Surface Anisotropy of Transition Metal Ultrathin Films. Appl. Phys. A. 49, 499–506 (1989).
 38. Gradmann, U., Korecki, J. & Waller, G. In-Plane Magnetic Surface Anisotropies in Fe(110). Appl. Phys. A. 39, 101–108 (1986).
 39. Brown, W. F. Virtues and Weaknesses of the Domain Concept. Rev. Mod. Phys. 17, 15 (1945).
 40. Balasubramanian, B. et al. Magnetic nanostructuring and overcoming brown’s paradox to realize extraordinary high-temperature 

energy products. Sci. Rep. 4, 6265 (2014).
 41. Johnson, M. T., Bloemen, P. J. H., Broeder, F. J. A. D. & Vries, J. J. D. Magnetic anisotropy in metallic multilayers. Rep. Prog. Phys. 59, 

1409–1458(1996).
 42. Fruchart, O., Nozieres, J. P. & Givord, D. Temperature-driven in-plane anisotropy reorientation transition in Fe(110) films. J. Magn. 

Magn. Mater. 165, 508–511 (1997).
 43. Lin, M. T. et al. Structural transformation and spin-reorientation transition in epitaxial Fe/Cu3Au(100) ultrathin films. Phys. Rev. 

B 55, 5886–5897(1997).

Acknowledgements
The authors would like to acknowledge the support of the National Key Research and Development Program 
of China (2016YFB0700900), the National Natural Science Foundation of China (51571126), Inner Mongolia 
Innovative Research Team (3400102), and Innovative Science and Technology Project of Inner Mongolia 
(4140300502), Science and Technology Project of Baotou (2012R1006, 2015C2006-13), and Scientific Research 
Project of the Inner Mongolia Autonomous Region Colleges and Universities (NJZY151).

Author Contributions
Q.Z. conceived the original idea and guided the project. Q.Z. performed the 1D micromagnetic calculations 
and analytic derivation. Q.Z. interpreted the results and prepared Figures 1–8. Q.Z. prepared the manuscript. 
G.P.Z. interpreted the results in the supplementary information. J.Q.W., J.C. and Q.M. prepared figures in 
the supplementary information and tables. G.P.Z. and X.F.Z. proposed many helpful suggestions. All authors 
commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03169-y
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/s41598-017-03169-y


www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 4286  | DOI:10.1038/s41598-017-03169-y

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	The effect of interface anisotropy on demagnetization progress in perpendicularly oriented hard/soft exchange-coupled multi ...
	Methods
	Results
	Nucleation fields. 
	Microscopic hysteresis loops and angular distributions. 
	Macroscopic hysteresis loops and energy products. 

	Discussions
	Conclusions
	Acknowledgements
	Figure 1 The basic scheme for a hard/soft multilayer calculated in this paper.
	Figure 2 Calculated nucleation field as a function of the interface anisotropy constant Kint based on Eq.
	Figure 3 Comparison of the nucleation fields based on Eqs (10) and (12) for Nd2Fe14B/α-Fe multilayers, demonstrating excellent agreement between the two formulas.
	Figure 4 Evolution of θh (a), θ0 (b) and θs (c) of a Nd2Fe14B (10 nm)/α-Fe (6 nm) multilayer for various interface anisotropy as the applied field changes from nucleation to pinning.
	Figure 5 Calculated angular distributions θ(z) of the magnetizations in the thickness directions of a Nd2Fe14B (10 nm)/α-Fe (6 nm) multilayer for various interface anisotropy and applied fields.
	Figure 6 Calculated hysteresis loops of Nd2Fe14B (10 nm)/α-Fe (ts) multilayers for various interface anisotropy.
	Figure 7 Calculated magnetic energy products (BH) of Nd2Fe14B (10 nm)/α-Fe (ts) multilayers for various interface anisotropy.
	Figure 8 Comparison of calculated and experimental hysteresis loops of FePt (10 nm)/α-Fe (ts) multilayers.
	Table 1 Intrinsic magnetic properties for various magnetic materials.
	Table 2 The nucleation field at Kint = 0 erg/cm2 (HN0) and the slope (s) based on Eq.




